Background
==========

Entropy production, reflecting the rate of the growth of disorder, is a thermodynamic quantity of fundamental importance for a living system: following the second law of thermodynamics, the entropy of a system always increases for any non-equilibrium system if no entropy flows outward. The entropy production *σ*~*s*~is the rate of entropy increase in unit volume. It can be proved that *σ*~*s*~contains five terms \[[@B1],[@B2]\]:

1, *σ*~*s*~^(1)^the thermal flux driven by a temperature difference;

2, *σ*~*s*~^(2)^the diffusion current driven by a chemical potential gradient;

3, *σ*~*s*~^(3)^the chemical reaction rate driven by a Gibbs energy decrease (affinity);

4, *σ*~*s*~^(4)^the velocity gradient coupled with viscous stress;

5, *σ*~*s*~^(5)^the dissipation due to the work completed by an external force field.

(see Supplementary Material 2). Non-equilibrium statistical physics affords an important clue for the understanding of the self-organization phenomena of living bodies. Prigogine proved that, in the linear range of an irreversible process in non-equilibrium thermodynamics, the entropy production always takes up a minimum if local equilibrium is assumed \[[@B3]\]. Since the living organism is a chemical engine in which a series of chemical reactions take place one by one in an appropriate sequence, the energy transfer in an organism in normal state is so efficient that the entropy production is minimized. This means that the minimal entropy production theorem can be generalized to healthy cells \[[@B4]\]. Tumorous cells are structurally less ordered than healthy cells. \[[@B5]\] Structural variations have been found in solid tumors \[[@B6]-[@B8]\]. The possible role of negative entropy in tumor growth and its relation to kinetic and genetic resistance have been discussed in the literature \[[@B9]\]. Structural variation and entropy production are interrelated. The related phenomena in order-disorder transitions, for example, the microvascularization \[[@B6]\] and syntactic structure analysis of pleural tumors \[[@B7]\] and chromosal alterations in the non-neoplastic bronchial mucose \[[@B8]\] may be studied from the aspect of entropy production. The primary aim of this study is to calculate the rate of entropy production quantitatively and compare the rates of the entropy production for normal and cancerous cell tissues. We shall prove that the rate of entropy production in normal cells is always lower than that in a cancerous cell if no external force field is applied \[[@B10]\].

Entropy production *σ*~*s*~and entropy flow are related to each other by the continuity equation (entropy balance equation). The entropy flow contains three terms: the convection term of entropy, the conduction term relating to the transport of heat, and the conduction term relating to the transport of matter \[[@B11]\]. The last term is always in the direction opposite to that of the flow of matter. The first term involves the entropy transport from a site of high entropy density to one of low entropy density that accompanies the convection movement of the biological medium. Due to the homogeneity of temperature in the human body, the heat conduction term can be neglected. Hence, mainly the first and third terms contribute to the entropy flow. By comparison of their definitions, the entropy flow is seen to be related to the information flow. In fact, the entropy flow is the carrier of the information flow (see the Supplementary Material 1). The entropy flow from a normal to a cancerous cell carries the information of the healthy cell, while the entropy flow in the opposite direction carries the harmful information on the cancerous cell. Since a cancerous cell is in a high entropy state because of its disorder structure and higher entropy production rate as compared with those of a normal cell, the entropy usually flows from cancerous to normal tissue. This induces the propagation of harmful information (the information relating to the particular bias of states in the cancerous cell; see the Supplementary Material 1) from the cancerous tissue to the surrounding healthy tissue. From the aspect of anticancer therapy, it is important to design a way to block the entropy flow or, even better, to reverse the direction of entropy propagation. The design of an approach to reversal of the direction of entropy flow is the second motivation of this study. Several ways may be suggested from a theoretical consideration of entropy production and entropy flow. The first is to reduce the rate of entropy production of cancerous cells through the design of certain biochemical pathways, for example, changing the pH gradient between the cancerous and normal cells. The second is the targeted destruction of the established tumor vasculature to reduce the transport of matter from normal to cancerous cells. The third is to apply an electric field or other external energy to cells. Our study in this article will focus on the third possibility. We shall prove that the rate of entropy production of normal cells under an appropriate electric field may exceed the rate of entropy production of cancerous cells, and therefore reverse the direction of entropy flow between the cells. This may have some therapeutic effects. Thus, entropy production considerations provide new insight into cancer therapy, with potential as a diagnostic tool.

Theoretical Methods
===================

To assess the difference between cancerous and normal cells from the aspect of thermodynamics, we shall calculate each term of the rate of entropy production in a cell.

1\. Heat flux driven by a temperature difference

A heat flux can be expressed as the product of a cell internal energy of the *U*~*cell*~and the molecular thermal motion velocity *V*~*thermal*~; the generalized force -- temperature gradient can be expressed as the temperature change *δT*in a typical length *L*. Thus the rate of entropy production in a cell can be estimated as

${\int\sigma_{s}^{(1)}}d\tau \approx \frac{1}{T^{2}}U_{cell}V_{thermal}\frac{\delta T}{L}\text{~~~~~}\left( 1 \right)$

where the integral is over the cell volume. For normal tissue, the temperature is homogeneous, *δT*= 0, and there is no entropy production due to a thermal flux. However, some kinds of cancer exhibit a higher temperature \[[@B9]\]. This gives *δT*≠ 0 (in the range of several tenths of a degree). In this case, a decrease of the temperature gradient of the tumor and an increase of the housing temperature will be beneficial in lowering the rate of entropy production of such a cancerous cell.

2\. Diffusion current driven by a chemical potential gradient

Tumor cells are structurally less ordered than healthy cells. This deficiency will increase the diffusion current and therefore increase the entropy production. Cancer cells change their cytoskeleton structure. For example, various tumor cells exhibit differences in the size, shape and number of their mitochondria, which are sometimes found as large aggregates in the mainly glycolytic cells \[[@B12]-[@B14]\] or with alterations in mitochondrial composition, structure and function as compared with the mitochondria in normal cells\[[@B12]\]. We may suppose that in a cancerous cell there are many compartments which have collapsed. Normally, the diffusion is mainly located in each compartment (the subcellular location of some proteins) and diffusion between different compartments can be neglected. However, in cancerous cells the diffusion between altered compartments should also be considered. Thus the difference in the rate of entropy production between cancerous and normal cells is :

${\int\sigma_{s}^{(2)}}d\tau\ (\text{cancer}) - {\int\sigma_{s}^{(2)}}d\tau\ (\text{normal}) \approx \frac{k}{T}\frac{\delta\mu}{\delta L}V_{thermal}M_{cell}\text{~~~~~}\left( 2.1 \right)$

where the integral is over the cell volume, *M*~*cell*~is the cell mass, *δL*is the thickness of the boundary layer and *δμ*is the difference in chemical potential between the two sides of the collapsed boundary, which is of the same order as a typical chemical potential in a cell. The parameter *k*describes the mass ratio of the boundary layer of the collapsed compartments in the whole cell. Likewise, the entropy production in a normal cell can be deduced and we have

$({\int{\sigma_{s}^{(2)}d\tau\ }}(\text{cancer}) - {\int\sigma_{s}^{(2)}}d\tau\ (\text{normal}))/{\int\sigma_{s}^{(2)}}d\tau\ (\text{normal}) \sim 2KR/\delta L\text{~~~~~}\left( 2.2 \right)$

where *R*is the cell radius.

3\. Chemical reaction rate driven by affinity, by a Gibbs energy decrease

The structural change in a cancerous cell causes a corresponding change in function. Due to the decreased mitochondrial activity, glycolysis and proteolytic and lipolytic processes become the main energy sources of a cancerous cell where the extensive loss of skeletal muscle and adipose tissue occurs. The loss of adipose tissue is due to the degradation of triglycerides, while the loss of skeletal muscle is due to increased protein degradation\[[@B15]\]. Tumor products such as the lipid mobilizing factor (LMF)\[[@B16]\] and the proteolysis inducing factor (PIF)\[[@B17]\] have catabolic effects on the host, but the synthesis of muscle protein also decreases. Lipid mobilization produces high energy but also a great loss of fat mass in cancer patients. The most important pathway of protein degradation involving the ATP-ubiquitin, also leads to the hypermetabolism characteristic of parasitism\[[@B15]\]. All proteolytic and lipolytic processes, as catabolic reactions, contribute more entropy production in cancerous than in normal cells. In the following we shall study glycolysis only and compare the entropy production of glycolysis in tumorous tissue with that of the full oxidation of glucose in normal cells.

In normal cells, the full oxidation of 1 mole of glucose will release 676 kcal/mole and produces 31 moles (or 29.5 moles in the alternative pathway) of ATP\[[@B18]\]. Hence, the total Gibbs free energy decrease is $\sum\limits_{\delta}A_{\delta}$ (normal) = 686-7.3 × 31 × 1.7 = 301.3 kcal/mole (the sum is over reactions *δ*) in the respiratory chain of a normal cell (the factor 1.7, relating to the possible higher efficiency of ATP hydrolysis energy transformed into chemical energy in a living cell, is empirically introduced). Instead, in a cancerous cell glycolysis is the main process where, the total free energy release is 52 kcal/mole and 1 mole of glucose produces only 2 moles of ATP. Correspondingly, the Gibbs free energy decrease is $\sum\limits_{\delta}A_{\delta}$ (cancer) = 52-7.3 × 2 = 37.4 kcal/mole in a cancerous cell. On the other hand, it was demonstrated through positron emission tomography scanning that tumor cells absorb more glucose than normal cells. Cancer cells metabolise glucose at a rate of approximately 20 times that of normal tissue \[[@B19]\]. For example, while normal cells take up 2\~16 g glucose from 1000 ml blood, the cancerous cells with the same tissue origin will take 70 g. Thus, the glucose consumption in cancerous cells is much higher than in healthy cells. Simultaneously, no matter whether the oxygen supply in cells is enough or not, the tumor always maintains an efficiency of glycolysis 70--80 times higher than normal. From the comparison of the ATP molecule number produced in glycolysis and glucose oxidation in the respiratory chain, we estimate the average reaction rate of the oxidation of glucose in unit volume of a cancerous cell (*J*~*c*~) to be at least 15\~20 times higher than that in a normal cell (*J*~*n*~). Thus, the rates of entropy production in a cell are

$\begin{array}{l}
{{\int\sigma_{s}^{(3)}}d\tau = 301.3\frac{1}{T}{\int J_{n}}d\tau\text{~~~~~}(\text{normal})} \\
{{\int\sigma_{s}^{(3)}}d\tau = 37.4\frac{1}{T}{\int J_{c}}d\tau \geq (561 \sim 748) \times \frac{1}{T}{\int J_{n}}d\tau\text{~~~~~}(\text{cancer})} \\
\end{array}\text{~~~~~}\left( 3 \right)$

The rate of entropy production in the carbon energy source reaction of a cancerous cell is estimated to be 2 or more times higher than that in a healthy cell. Furthermore, if the strong proteolytic and lipolytic processes in cancer are taken into account, the entropy production of a cancerous cell will be even higher.

4\. Velocity gradient coupling with viscous stress

The difference in viscous stress (inner friction in a cellular fluid) -- induced entropy production between a cancerous and a normal cell stems mainly from the contribution in the boundary layers of the compartments. The stress is related to medium deformation by a linear law through viscosity coefficient *η*. Thus:

${\int\sigma_{s}^{(4)}}d\tau\ (\text{cancer}) - {\int\sigma_{s}^{(4)}}d\tau\ (\text{normal}) \approx \frac{\eta}{T}\left\langle {(\partial_{i}V_{j})}^{2} \right\rangle_{\text{B}}{\int\limits_{\text{boundary}}{d\tau}}\text{~~~~~}\left( 4.1 \right)$

where *V*~*j*~is the fluid component velocity parallel to the boundary and *∂*~*i*~*V*~*j*~is the variation in the direction perpendicular to it; ⟨ ⟩~B~indicates the average over the boundary layer. Likewise, the entropy production in a normal cell can be estimated. We obtain

$({\int\sigma_{s}^{(4)}}d\tau\ (\text{cancer}) - {\int\sigma_{s}^{(4)}}d\tau\ (\text{normal}))/{\int\sigma_{s}^{(4)}}d\tau\ (\text{normal}) \approx k\frac{\left\langle \left( {\partial_{i}V_{j}} \right)^{2} \right\rangle_{B}}{\left\langle \left( {\partial_{i}V_{j}} \right)^{2} \right\rangle_{V}}\text{~~~~~}\left( 4.2 \right)$

where ⟨ ⟩~V~denotes the average over the total cell.

5\. Dissipation due to work performed by an external force field acting on a biological medium Tumorous cells exhibit dielectric characteristics that are distinct from those of healthy cells. Higher dielectric permittivity and specific electroconductivity have been measured in cancerous cells\[[@B20]\]. This means that, although tumorous cells are structurally less ordered than healthy cells, due to the reduced subcellular compartmentalization, they are dielectrically more spatially ordered. The formation of dielectric zones accompanying membrane depolarization in cancerous cells has been observed\[[@B9]\]. A particular dielectric region may be characterized by the controlled movement of charged particles or the orientation of polar molecules in an electric field\[[@B21]\]. Accordingly, we expect different responses of cancerous and normal cells, and therefore different rates of entropy production in an applied electric field. Changes in electrical potential may result in dramatic changes in cellular functions and structures. To calculate the entropy production $\sigma_{s}^{(5)}$, let us consider a simplified model. Let us suppose a homogeneous electrostatic field (***E***) and the polar molecules in a cell approximated as a set of electric dipoles (***d***~***i***~, *i*= 1,\...*N*) with equal dipole moments but oriented differently. No work will be done by the electric field if only the movement of the center of mass of the dipole is considered. However, as the angle *θ*between ***E***and ***d***~***i***~is changed, the work performed by the electric field will be *dW*= -*Ed*~*i*~sin *θdθ*. Its average over direction is *Ed*~*i*~. Thus, for a normal cell the total work completed by the electric field is *NEd*(\|**d**~**i**~\| = *d*). However, for a cancerous cell, *N*dipoles are grouped into *s*sets. In each set, *m*(= *N/s*) dipoles are summed coherently. The total work performed by the electric field will be less than normal by a factor $\sqrt{\frac{s}{N}}$. Since the difference in dielectric permittivity between cancerous and healthy cells is very marked\[[@B20]\], the number *m*= *N/s*should not be small. Therefore, an electric (static) field applied to the body will moderate the entropy production effect of cancerous as compared with normal cells. On the other hand, the time needed for dipole orientation in an electric field is very short. The numerical estimation gives a dipole orientation time of the order of 10^-11^s. Hence, we may introduce square wave electric pulses (SWEP) instead of an electrostatic field; that is, the electrostatic field continuously switched on and off many times in a given time duration, to increase the entropy production. (The width of the SWEP is assumed to be larger than the dipole orientation time.) Setting the pulse frequency *ν*of the SWEP we have the rate of entropy production in a cell due to the applied electric field

$\begin{array}{l}
{{\int\sigma_{\text{s}}^{\text{(5)}}}d\tau = \nu\ NEd/T\text{~~~~~}(\text{normal})} \\
{{\int\sigma_{\text{s}}^{\text{(5)}}}d\tau = \nu\ \sqrt{Ns}\ Ed/T\text{~~~~~}\left( \text{cancer} \right)} \\
\end{array}\text{~~~~~}\left( 5 \right)$

Results
=======

The mathematical estimations of five forms of entropy production are presented in Table [1](#T1){ref-type="table"}. We find that:

###### 

Rates of entropy production in normal and cancerous cells

                     ${\int\sigma_{\text{s}}^{\text{(}i\text{)}}}d\tau$ (normal)   ${\int\sigma_{\text{s}}^{\text{(}i\text{)}}}d\tau$ (cancer)   Cancer/Normal   Parameter choice (in CGS unit)
  ------------------ ------------------------------------------------------------- ------------------------------------------------------------- --------------- -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  ***i*= 1**         0                                                             1.1 × 10^-25^                                                                 *T*= 310, *δT*= 0.4, *U*~cell~= 0.13 × 10^-20^, *V*~thermal~= 10^-1^, L = 0.5 × 10^-2^
  ***i*= 2**         0.42 × 10^-23^                                                0.47 × 10^-23^                                                1.1             *T*= 310, *M*~cell~= 0.65 × 10^-7^, *μ*~ATP~= 10^-15^, 2*R*= 0.5 × 10^-2^, *V*~thermal~= 10^-1^, *δL*= 0.5 × 10^-4^, *k*= 10^-3^
  ***i*= 3**         0.43 × 10^-8^                                                 1 × 10^-7^                                                    2               *A*~normal~= 301.3 × 0.695 × 10^-13^∫J~*n*~*dν*= 0.63 × 10^5^, *A*~cancer~= 37.4 × 0.695 × 10^-13^∫J~*c*~*dν*\>15 ∫J~*n*~*dν*
  ***i*= 4**         0.13 × 10^-10^                                                0.15 × 10^-10^                                                1.1             *T*= 310, *η*= 0.015, *V*~cell~= 0.65 × 10^-7^, *k*= 10^-3^, ${(\partial_{i}V_{j})}_{\nu} = \frac{10^{- 2}}{0.5 \times 10^{- 2}}$${(\partial_{i}V_{j})}_{B} = \frac{10^{- 2}}{0.5 \times 10^{- 3}}$
  ***i*= 5**(SWEP)   0.16 × 10^-9^                                                 0.05 × 10^-9^                                                 0.33            *E*= 3 × 10^3^volt/cm, *ν*= 100 *d*= 5 × 10^-17^, *N*= 10^6^, *s/N*= 0.1, *T*= 310

Five kinds of entropy production rate in normal and cancerous cells are given in the Table. Their ratios are listed in the fourth column. Parameter definitions are to be found in the text. All parameters are given in CGS units except those specified.

1\. The rate of entropy production for a cell without external energy input is described by the first four contributions (*i*= 1,2,3,4), in which the rates due to chemical reaction and viscous stress (*i*= 3,4) are much higher than other two terms (*i*= 1,2); the rate of entropy production in a cancerous cell is generally higher than that in a normal cell. Although there is some arbitrariness in parameter choice, the above conclusion generally holds independently of the choice. The result is consistent with the point of the minimal entropy production theorem.

2\. The entropy production for a normal cell due to an external force field (an electrostatic field or SWEP) is generally higher than that for a cancerous cell under the assumption of different dielectric property of cancer. In the SWEP case, the magnitude of the rate of production can be adjusted through change of the pulse frequency as well as the field strength. With an appropriate strength and frequency, the total entropy production for a normal cell may exceed that for cancer cell and reverse the direction of entropy flow between these two kinds of cells.

Discussion
==========

1\. Due to the higher entropy in cancer, the convection of entropy proceeds in the direction from cancerous to healthy cells. Due to the higher temperature that a cancer cell may have, the conduction of entropy related to heat transport also proceeds in the direction from cancerous to healthy cells. The third term of entropy flow, the conduction of entropy related to the transport of matter, is in the opposite direction to the matter transport. If the flow of matter transport is mainly from healthy to cancerous cells, then the heat conduction is again in the direction from cancerous to healthy cells. Thus, entropy generally flows from cancerous cells to healthy ones if no special therapeutic design has been introduced. Entropy accumulation in a cell is a harmful factor. The higher rate of entropy production in cancerous cells and its flow to the surrounding normal cells causes toxic action on normal cells (see [Additional file 1](#S1){ref-type="supplementary-material"}). The toxic effect is proportional to the average entropy gain of normal cells from cancerous cells. Accordingly, it becomes stronger and stronger as the population of normal cells decreases and the population of cancerous cells increases.

2\. Among the five forms of entropy production, the chemical reaction is of special importance. In the above discussion only the glucose metabolism has been taken into account. The total rate of entropy production from all kinds of chemical reaction will be much higher. If we consider the higher rate of entropy production in the main energy source reaction of a cancerous cell, how to modify the glucose metabolism pathway and lower rate of entropy production is a great problem in cancer therapy. In studies of entropy production due to chemical reactions, the affinity *A*~*δ*~is usually calculated from the standard free energy change (at pH = 7). Although most biochemical reactions take place at or near pH 7, nonstandard conditions may occur in a living cell. In this case, there will be a correction to *A*~*δ*~. One may design an approach to change the acidity of tumorouscells by producing an additional pH gradientbetween cancerous and normal cells. This will change the relative magnitude of the rate of entropy production, and in turn reverse the direction of entropy flow between these two kinds of cells.

3\. An important approach to the change of entropy flow is to reduce the transport of matter from normal to cancerous cells. Angiogenesis as a therapeutic target has recently been widely discussed. It has become apparent that the targeted destruction of the established tumour vasculature is an avenue leading to exciting therapeutic opportunities\[[@B22]\]. From our point of view, the modulation of angiogenesis and the lowering of the glucose supply to the cancerous cells are favourable for decreasing entropy production and reversing the direction of entropy flow.

4\. An increasing of the housing temperature can reverse the direction of entropy flow. Simultaneously, it lowers the temperature gradient in tumorous cells and reduces the rate of their entropy production that comes from the heat flux. Both factors are of benefit in cancer therapy. However, mathematical estimation indicates, that the entropy production due to heat is only a very small fraction of the total entropy production. This explains why the effectiveness of hyperthermiaused as therapy is very low. Another factor which should be considered is that the heat tolerance of normal cells is less than that of cancerous cells. The heat-induced entropy increase is more harmful for healthy cells than for tumorous cells.

5\. We have demonstrated that if no external field is applied, the rate of entropy production of cancerous cells is always higher than that of healthy cells. However, when an external force field is applied, the rate of entropy production of normal cells may exceed that of cancerous cells. This provides a very effective approach to the change of the direction of entropy flow. By calculation of the work performed by a static electric field, we have shown that its contribution to entropy production is lower for cancerous than for normal cells. To enlarge the effect, we can use SWEP, which is equivalent to switching the electric field on and off continuously. For pulse frequency *ν*, the rate of entropy production increases *ν*times. On the use of SWEP of higher frequency, the field-induced entropy production of a cell would be comparable to the chemical reaction-induced entropy production. Thus, an applied electric field with sufficient intensity and frequency may effectively reduce the entropy production difference between normal and cancerous cells. (We have also investigated the effect of ultrasound absorption in cells and proved that the ultrasound dissipation in a normal cell may be greater than that in a cancerous cell, and the direction of entropy flow can therefore be reversed. Data are not shown here.)Therefore, the external energy (an electric field or ultrasound) may effectively alter the direction of entropy current between cells and remove the harmful information transfer from cancerous to healthy cells. The locally applied strong electric field which destabilizes cell membranes in the presence of a drug has been used in electrochemotherapy\[[@B23]\] and has proved effective in skin cancer\[[@B24]\]. Recently, combined electric field (SWEP) and ultrasound therapy was reported as a novel antitumor treatment\[[@B25]\]. Based on the theoretical investigation of entropy production and entropy flow, our proposal on SWEP (possibly combined with ultrasound) may afford new insight into cancer therapy.

Conclusion
==========

Through the use of general theory of non-equilibrium thermodynamics and simplified model of cells the five terms of entropy production due to various dissipation mechanisms, namely, entropy productions due to temperature differences, chemical potential gradient, chemical affinity, viscous stress and exerted force are quantitatively calculated for healthy and cancerous cells respectively. It was demonstrated that when no external force field is applied, the rate of entropy production of cancerous cells is always higher than that of healthy cells. However, when the external energy of an electrostatic field or equivalently, a square wave electric pulses is applied to tissues, the rate of entropy production of normal cells may exceed that of cancerous cells. Consequently, the application of external energy to the body can reverse the direction of the entropy current. Because of entropy flow is the carrier of the information flow the entropy flow from a normal to a cancerous cell carries the information of the healthy cell, while the entropy flow in the opposite direction carries the harmful information on the cancerous cell. Therefore, it is expected that the harmful effect brought about by the entropy flow from cancerous to healthy tissue can be blocked by the reversal of direction of entropy current under the applied electric field (SWEP) interaction. This provides a new insight into cancer therapy, with potential as a diagnostic tool.
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